. Solid (R)-3·MeNO 2 exhibits an unusual very gradual, but discontinuous thermal spin-crossover with an approximate T1 = 2 of 350 K. The discontinuity around 240 K lies well below T1 = 2 , and is unconnected to a crystallographic phase change occurring at 170 K. Rather, it can be correlated with a gradual ordering of the ligand conformation as the temperature is raised. The other solid compounds either exhibit spin-crossover above room temperature (1 and (RS)-3), or remain high-spin between 5-300 K [(R)-2, (R)-4 and (RS)-4]. Homochiral (R)-3 and (R)-4 exhibit more twisted ligand conformations and coordination geometries than their heterochiral isomers, which can be attributed to steric clashes between ligand substituents [(R)-3]; or, between the isopropyl substituents of one ligand and the backbone of the other ((R)-4). In solution, (RS)-3 retains its structural integrity but (RS)-4 undergoes significant racemization through ligand redistribution by 1 H NMR. (R)-4 and (RS)-4 remain high-spin in solution, whereas the other compounds all undergo spin-crossover equilibria. Importantly, T1 = 2 for (R)-3 (244 K) is 34 K lower than for (RS)-3 (278 K) in CD 3 CN, which is the first demonstration of chiral discrimination between metal ion spin states in a molecular complex.
Introduction
Although the phenomenon of spin-crossover (SCO) was first elucidated over fifty years ago, [1] SCO complexes and molecular materials derived from them continue to be heavily studied. [2] [3] [4] On the one hand, control of the temperature and form of an SCO transition is a challenging problem in molecular design and crystal engineering, [5] which impacts areas as diverse as bioinorganic chemistry, [6, 7] catalysis [6, 8] and solid state physics.
[9]
On the other hand, SCO compounds have important applications in their own right as multifunctional switches in molecular materials [10, 11] and metal-organic frameworks (MOFs), [12] in devices [13] and in nanoscience. [14, 15] One property that has been little explored up to now is the interplay between SCO and chirality, which could in principle lead to switchable non-linear optical (NLO) materials. [16] Many solid SCO materials are adventitiously chiral from crystallizing in polar or handed space groups, and chiroptical switching has indeed been demonstrated in one such compound. [17] Alternatively, chiral materials based on achiral SCO molecules have been prepared through doping them into chiral host frameworks, [18] or crystallizing them with chiral counterions. [19] However, chiral-at-molecule SCO compounds are rare, [20] [21] [22] [23] [24] [25] [26] with most studies involving just two series of iron(II) complexes: a family of bidentate Schiff base complexes formed from chiral amines; [20] [21] [22] [23] and, a macrocyclic ligand with an asymmetric pattern of backbone substituents. [24, 25] The influence of chirality on the SCO properties of such compounds has only recently begun to be investigated and, importantly, all data published thus far have been measured in the solid state. [22, 23, 25, 26] The effect of ligand structure on molecular spin states is better quantified in solution, in which the spin state of a complex is not influenced by lattice effects. [27] To probe the influence of chirality on SCO, we have turned to the family of 2,6-bis(oxazolinyl)pyridine (PyBox; Scheme 1) heterocyclic ligands, [28] which are suited to this challenge for several reasons. Optically pure substituted PyBox derivatives (L portance in asymmetric catalysis, [28, 29] and have been used as supporting ligands in other types of chiral molecular magnets.
[ (Scheme 1; M = Fe, [31] Co, [31, 32] Zn [31, 33] or another metal ion [31] ) have been shown to be stable in solution, without racemization through ligand redistribution reactions. Lastly, the ability of [Fe(PyBox) 2 ] 2 + centers to support SCO has been recently demonstrated using achiral PyBox ligands. [34, 35] (Scheme 1). We also describe an unusual example of a gradual, but discontinuous, solid state SCO that was discovered during the course of this work.
Results and Discussion
The 
were similarly obtained, using a 1:1 ratio of the two ligand isomers. All the complexes were dark orange polycrystalline solids following the usual work-up, irrespective of their spin-state properties at room temperature.
The most noteworthy behaviour in the solid state is shown by (R)-3, which was purified as its nitromethane solvate. [36] Since this lattice solvent is lost upon extended drying in vacuo, all the solid-state measurements described below were performed using freshly prepared and protected crystalline samples to minimize any solvent loss. Bulk samples of (R)-3·MeNO 2 are fully low-spin below 200 K from magnetic susceptibility data, but exhibit a gradual, non-hysteretic thermal spin-crossover at higher temperatures with a T1 = 2 of about 350 K, from its c M T value of 1.8 cm 3 mol À1 K at that temperature ( Figure 1 ). Unusually, there is a clear discontinuity around 240 K in the transition curve, when the sample is about 15 % high-spin. [36] Discontinuous SCO transitions are well known and can reflect the presence of multiple independent switching sites in the lattice, [37] a crystallographic phase transition during SCO, [38] or a more subtle order:disorder transition in a ligand or anion. [39] This was probed in (R)-3·MeNO 2 through crystallographic refinements between 125 and 275 K at 10 K intervals, using the same crystal throughout. [40] Crystalline (R)-3·MeNO 2 undergoes a crystallographic phase change at 170 AE 5 K. The room-temperature phase (Phase 1) adopts the orthorhombic space group C222 1 with Z = 4. The asymmetric unit of this phase contains half a formula unit, with the complex molecule spanning a crystallographic C 2 axis. Below 170 K, the crystal transforms to Phase 2 through a tripling of the unit cell b dimension. Phase 2 has three unique molecules of the complex per asymmetric unit in the space group P2 1 2 1 2 1 (Z = 12). Importantly, however, this phase change is unrelated to the spin-crossover discontinuity, which occurs at 70 K higher temperature (Figure 1 ). The iron centres in (R)-3·MeNO 2 are fully low spin in both phases near the phase-transition temperature (Table 1) .
In Phase 1 at T ! 205 K, refinement models based on an ordered C 2 -symmetric half-molecule of the cation gave the best results. This included disorder at one, or both, of the unique phenyl substituents which, unusually, became more severe as the temperature was lowered. Below 235 K, a gradual enlargement and elongation of the displacement ellipsoids was observed, reaching a maximum at 195 K around the temperature at which the molecule becomes fully low-spin ( Figure 2 ). Further cooling from 195 K to the phase transition temperature reversed this trend, with the atomic displacement ellipsoids becoming more regular in shape (Figure 2 ). This indicates the onset of additional disorder in the complex between 235 K and the phase transition. Between 175-195 K, disorder of the whole molecule about the crystallographic C 2 axis was resolved in the Fourier map, and could be modelled without restraints. Although their residuals are similar, the displacement ellipsoids and metric parameters in the whole-molecule disorder refinement are chemically more reasonable than the C 2 -symmetric half-molecule model. [40] The Phase 2 structures of (R)-3·MeNO 2 between 125 and 165 K are essentially identical, apart from the partial quenching of disorder in the anions, solvent and one phenyl substituent at lower temperatures. The three unique complex molecules in the asymmetric unit remain fully low-spin across this temperature range (Figure 1 , Table 1 and Supporting Information [40] ). Notwithstanding some scatter between 175-205 K, the crystallographic and magnetic measurements from (R)-3·MeNO 2 are in excellent agreement (Figure 1) . [40] In particular, the crysScheme 1. The ligands employed in this study. Figure 1 . Comparison of the SCO transition in (R)-3·MeNO 2 as monitored by magnetic susceptibility data (black); and, the expansion of the metal-ion coordination sphere as expressed by V Oh (white circles). [41] In Phase 2, the three unique molecules are shown as yellow, red and green diamonds with the white circles representing the average of the three. tallographic data reproduce the discontinuity near 240 K. A plot of the unit cell volume of (R)-3·MeNO 2 with temperature also shows an inflection at 220 K, which is associated with a clear decrease in the c dimension on cooling from 240-200 K. The unique axes of the C 2 -symmetric cations in Phase 1 align along b. The meridional ligands extend along the (010) plane, with the most disordered phenyl groups all oriented towards the c direction. [40] Thus, the additional decrease in c between 240-200 K is consistent with the gradual disordering of the ligand conformations over that temperature range, implied by the atomic displacement ellipsoids ( Figure 2 ). In summary, the SCO discontinuity in (R)-3·MeNO 2 at 240 K is associated with the onset of increased ligand disorder below that temperature. That may reflect a mismatch between the progress of SCO and the thermal contraction of the bulk crystal lattice on cooling below 240 K, until 170 K when the Phase 1!2 transition occurs.
The other new complexes in this work have more routine spin-state behaviour from magnetic susceptibility data. Solid [35] and (RS)-3 (T1 = 2 > 400 K) exhibit gradual SCO above room temperature, whereas (R)-2, (R)-4 and (RS)-4 are all high-spin between 3-300 K. These compounds were all also crystallographically characterized; the spin states of the crystalline compounds, as derived from their metric parameters, are all consistent with the magnetic susceptibility data. The solid compounds each form solvent-free polycrystalline powders upon drying. All these solid materials, including (RS)-3 and (RS)-4, are phase-pure and isostructural with the single crystalline phases by X-ray powder diffraction. [40] The complex cations in crystalline (R)-2, (R)-4· 1 = 2 MeCN (which contains two unique molecules per asymmetric unit) and (RS)-4 are high-spin at 120 or 130 K, according to their metric parameters (Table 1) . High-spin complexes with this type of ligand geometry are prone to an angular Jahn-Teller distortion towards a trigonal prismatic coordination geometry. [43, 44] This is crystallographically quantified by two parameters: the trans-N{pyridine}-Fe-N{pyridine} angle (f in Table 1) ; and the dihedral angle between the least squares planes of Table 1 . Selected bond lengths [, 3 ] and angular parameters [deg] in the crystal structures of the complexes in this work. V Oh , S and V are indices showing the spin state of the complex, [41] whereas f and q are measures of the angular Jahn-Teller distortion sometimes shown by these iron centers in their high-spin state. [42] Typical values for these parameters in [Fe(PyBox) 2 ] 2 + and related complexes are given in refs. [35] and [43] . Data for (R)-3·MeNO 2 at other temperatures are in the Supporting Information. [40] (R)-2
130 275 (Phase 1) [a] 175 (Phase 1) [a] 125 (Phase 2) [b] Molecule (1) [a] The complex cation in this crystal has crystallographic C 2 symmetry, with half a molecule in its asymmetric unit. [b] There are three unique complex molecules in the asymmetric unit of this crystal.
[c] There are two unique complex molecules in the asymmetric unit of this crystal. Table 1 ). [45] High-spin complexes that deviate significantly from the ideal values of f= 1808 and q = 908 rarely exhibit SCO on cooling [46] because the associated structural rearrangement from a distorted high-spin to undistorted low-spin state is inhibited by the surrounding solid lattice.
[ [35, 43, 46] Space-filling models reveal no steric contacts involving the methyl substituents in (R)-2 that could influence the metal ion spin-state, by hindering contraction of the FeÀN bonds during SCO for example. [40, 48] However, the steric influence of the isopropyl groups in (R)-4 and (RS)-4 may influence the high-spin nature of those compounds (see below). Finally, the solvate (RS)-3·3MeCN is crystallographically low-spin at 120 and 250 K. As usual for low-spin complexes, the coordination geometries of low-spin (R)-3·MeNO 2 and (RS)-3·3 MeCN, as expressed by f and q, are more regular than for the high-spin compounds (Table 1) .
Despite their different spin states, the complex cations in (R)-3·MeNO 2 and (R)-4· 1 = 2 MeCN both exhibit more twisted coordination geometries and ligand conformations than their heterochiral isomers (RS)-3·3 MeCN and (RS)-4. This reflects interligand steric clashes between the phenyl or isopropyl substituents in the homochiral isomers, that are not present in the corresponding heterochiral molecules (Figures 2 and 3) . The degree of twisting, as measured by the dihedral angle between the least squares planes of their ligands (q, Table 1 The other notable difference between the molecular conformations in the solvates of (R)-3 and (RS)-3 is the disposition of their phenyl substituents. In (RS)-3, both phenyl substituents from one Ph 2 PyBox ligand sandwich the phenyl ring from the other ligand, with three of them forming clear inter-ligand p-p interactions to that pyridyl ring in the crystal structure. [40] In (R)-3, the phenyl substituents of one ligand are roughly co-parallel with the neighbouring pyridyl group, as before, but the phenyl groups of the other ligand are twisted so that one CÀH group is oriented into the pyridyl ring. This reflects a steric clash between ortho CÀH groups on pairs of phenyl substituents in (R)-3, which is not present in its (RS)-isomer (Figure 3) . The same ligand conformations are also adopted by other homo-and hetero-chiral [M(L Ph ) 2 ] 2 + (M = Co, [32, 49] Cu [50] or Zn [33] ) complexes in the crystalline phase. In contrast, the isopropyl substituents in (R)-4 exert a greater steric influence on the L iPr ligand heterocyclic frameworks, but neighbouring pairs of iPr groups are not in steric contact with each other (Figure 4) .
The stability of the diastereomers of 3 and 4 in solution was probed by 
exists as a single isomer with a diastereomeric excess of 0.95, as measured by mass spectrometry. [31] In contrast, despite being phase-pure in the solid state, solutions of preformed (RS)-4 in CD 3 CN or (CD 3 ) 2 Figure 6 ). [40] The homochiral:heterochiral ratio in these solutions varies between about 1:5 and 1:3 in different spectra, becoming closer to the statistical 1:1 ratio upon standing for a period of hours. Hence, in contrast to (RS)-3, (RS)-4 undergoes a degree of ligand redistribution in solution. These are the first such measurements on The spin states of all the complexes in solution were determined by variable temperature Evans method measurements ( Figure 7 and Table 2 ).
CO contain a mixture of (R)-4/(S)-4 and (RS)-4 by NMR (
[51] The data were obtained in either CD 3 CN or (CD 3 ) 2 CO, according to the solubility of the compounds; the use of these different weakly polar solvents should have a minimal influence on the spin-state properties of the complexes. [52] Despite the ligand redistribution in solutions of (RS)-4, both isomers of 4 clearly remain fully high-spin between 186 and 322 K in (CD 3 ) 2 CO. However, the other compounds all undergo thermal SCO under these conditions. The stability of their high-spin state relative to the low-spin state follows the order (Table 2) 
The most important result is that the SCO T1 = 2 is measurably lower in (R)-3 than in (RS)-3. That is, the high-spin state of (R)-3 is stabilized compared to (RS)-3 under the same conditions. Although the difference is small, it is consistent with the more twisted coordination geometry adopted by (R)-3 ( Figure 3 ), which will disfavour the low-spin state as previously discussed.
[43-47] The lower magnetic moment of (RS)-3 at room temperature (c M T = 2.25 cm 3 mol À1 K at 293 K) compared to (R)-3 (3.12 cm 3 mol À1 K) is also reflected in the reduced contact shifts in the NMR spectrum of (RS)-3 ( Figure 5 ). More generally, the high-spin structure in both isomers of 4 will be sterically imposed, by the bulky iPr substituents. This resembles analogous iron(II) complexes from the [Fe(bpp) 2 ] 2 + (bpp = 2,6-di{pyrazolyl}pyridine) series with distal isopropyl substituents, which are also exclusively high-spin.
[48] In other respects, however, this trend does not mirror the steric proper- ties of the PyBox ligand substituents because T1 = 2 for (R)-2 is significantly lower than for 1 even though the methyl substituents in (R)-2 have no steric influence on the metal coordination sphere. [40] Evidently, the inductive properties of the ligand substituents also influence the spin states of the [Fe(L R complexes (M = Co, Cu and Zn), [32, 33, 49, 50] (R)-3 and (R)-4 adopt more distorted coordination geometries than (RS)-3 and (RS)-4, which reflects a significant twisting of the ligand conformations in the homochiral isomers. Although this is sterically imposed, the precise origin of the effect is different in the two compounds. In (R)-3, it reflects steric clashes between pairs of phenyl substituents, which force two phenyl groups to twist into the pyridyl ring of the other ligand in the molecule (Figure 3) . In contrast the isopropyl groups in (R)-4 are not in contact with each other, but have a much greater steric influence on the heterocyclic backbone of the co-ligand in the molecule (Figure 4) .
The (R)-3/(RS)-3 and (R)-4/(RS)-4 isomer pairs each exhibit comparable spin-state properties; SCO-active for 3, and highspin for 4. Moreover, the SCO T1 = 2 temperatures for (R)-3 and (RS)-3 in the solid state are similarly above room temperature. Hence, the most important determinant of the spin-state properties of 1-4 in the solid state and in solution is evidently the identity of the ligand substituents. However, solution measurements, which are a more sensitive probe of the molecular ligand field, show a small stabilization of the high-spin state in (R)-3 compared to (RS)-3. This is consistent with the sterically imposed, twisted ligand conformation in (R)-3 (Figure 3) , which favours the more structurally flexible high-spin form in complexes with this ligand geometry. [43] [44] [45] [46] [47] This is the first unambiguous demonstration of an influence of chirality on the spin state of an SCO complex. Our current work is aimed at computational ligand design and synthesis to enhance these effects, which have implications for chiral sensing using SCO reporter groups, [53] and for asymmetric catalysis. [6] The optical purity of (R)-
2 + derivatives in solution has been investigated before, [31] [32] [33] 
2 + has not. It was unexpected that (RS)-4 undergoes significant racemization through ligand redistribution in solution ( Figure 6 ), whereas (RS)-3 does not ( Figure 5 ). The larger cone angle of the isopropyl substituents in 4 might have been expected to lead to a greater chiral discrimination in that compound, but clearly that is not the case. Steric contacts between the ligand substituents, which are more pronounced in (R)-3 ( Figure 3) , may be more important in destabilizing the (R)-3 isomer than the more general steric influence of the isopropyl groups in (R)-4.
Lastly, we have also described a gradual solid-state SCO transition in (R)-3·MeNO 2 , with an unusual discontinuity below T1 = 2 that is unconnected to a crystallographic phase change occurring at lower temperature (Figure 1 ). The origins of the discontinuity at 240 K are subtle, but correlate with the onset of whole molecule disorder below that temperature which becomes more pronounced upon further cooling to 190 K (Figure 2 ). Thermal contraction of the crystal lattice may occur more gradually than the SCO transition over this temperature range, affording a low-spin cation that is more compact than its lattice site. That would explain the unusual observation of increased molecular disorder at lower temperatures in this material.
Experimental Section
Instrumentation: Elemental microanalyses were performed by the microanalytical services in the University of Leeds, School of Chemistry, or the London Metropolitan University, School of Human Sciences.
1 H NMR spectra were obtained using Bruker DPX300 or Avance 500 FT spectrometers, operating at 300.2 and 500.1 MHz, respectively. X-ray powder diffraction data were obtained with a Bruker D8 Advance A25 diffractometer, using Cu-K a radiation (l = 1.5418 ). Magnetic susceptibility measurements Table 2 . Table 2 . Solution-phase spin-crossover parameters for the compounds in this work (Figure 7) . were performed on a Quantum Design VSM SQUID magnetometer, in an applied field of 5000 G and a temperature ramp of 5 K min
À1
. The samples were measured as freshly isolated polycrystalline materials, sealed inside air-tight VSM sample holder capsules. Where relevant, a drop of mother liquor was also added to the capsule to inhibit solvent loss during measurement. Diamagnetic corrections for the samples were estimated from Pascal's constants; [54] a previously measured diamagnetic correction for the sample holder was also applied to the data. Susceptibility measurements in solution were obtained by Evans method using a Bruker Avance 500 FT spectrometer operating at 500.13 MHz.
[51] A diamagnetic correction for the sample, [54] and a correction for the variation of the density of the CD 3 CN or (CD 3 ) 2 CO solvent with temperature, [55] were applied to these data. Thermodynamic parameters and spin-crossover midpoint temperatures were derived by fitting these data to Equations (1) and (2), in which nHS(T) is the high-spin fraction of the sample at temperature T:
Materials and methods: Ligands 2,6-bis(oxazolinyl)pyridine (L H ) and 2,6-bis(4-(R)-methyloxazolinyl)pyridine ((R)-L Me ), [56] and the com- [35] were synthesized according to the literature procedures. All other reagents were purchased commercially and used as supplied, unless otherwise stated. CAUTION! Although we have experienced no problems in handling the compounds in this study, metal-organic perchlorates are potentially explosive and should be handled with due care in small quantities. ) afforded a dark purple mixture, which was stirred at room temperature until all the solid had dissolved. The solution was filtered and concentrated, and subsequent addition of excess diethyl ether yielded a dark purple powder. This was recrystallized from nitromethane by slow diffusion of diethyl ether vapour into a concentrated solution of the compound in nitromethane, to give purple crystals of the nitromethane solvate that lose their lattice solvent upon drying in vacuo. Yield 0.070 g, 52 %. Single-crystal structure analyses: Single crystals of the complexes were obtained as described above. All diffraction data were collected with an Agilent Supernova dual-source diffractometer using monochromated Cu-K a radiation (l = 1.54184 ). The diffractometer is fitted with an Oxford Cryostream low-temperature device. All the structures were solved by direct methods (SHELXS97 [57] ), and developed by full least-squares refinement on F 2 (SHELXL97 [57] ). Crystallographic figures were prepared using XSEED, [58] whereas coordination volumes (V Oh ) were calculated using Olex2. [59] Experimental data from the structure determinations and descriptions of the crystallographic refinements are included in the Supporting Information. [40] CCDC 1519275-1519290 and 1532884-1532890 contain the supplementary crystallographic data for this paper. These data are provided free of charge by The Cambridge Crystallographic Data Centre. 
